Conformational control of protein kinases is an important way of modulating catalytic activity. Crystal structures of the C (catalytic) subunit of PKA (protein kinase A) in complex with physiological inhibitors and/or nucleotides suggest a highly dynamic process switching between open and more closed conformations. To investigate the underlying molecular mechanisms, SPR (surface plasmon resonance) was used for detailed binding analyses of two physiological PKA inhibitors, PKI (heat-stable protein kinase inhibitor) and a truncated form of the R (regulatory) subunit (RIα 92-260), in the presence of various concentrations of metals and nucleotides. Interestingly, it could be demonstrated that high-affinity binding of each pseudosubstrate inhibitor was dependent only on the concentration of divalent metal ions. At low micromolar concentrations of Mg 2+ with PKI, transient interaction kinetics with fast on-and off-rates were observed, whereas at high Mg 2+ concentrations the off-rate was slowed down by a factor of 200. This effect could be attributed to the second, low-affinity metal-binding site in the C subunit. In contrast, when investigating the interaction of RIα 92-260 with the C subunit under the same conditions, it was shown that the association rate rather than the dissociation rate was influenced by the presence of high concentrations of Mg 2+ . A model is presented, where the high-affinity interaction of the C subunit with pseudosubstrate inhibitors (RIα and PKI) is dependent on the closed, catalytically inactive conformation induced by the binding of a nucleotide complex where both of the metal-binding sites are occupied.
INTRODUCTION
Protein kinases share extensive sequence homology and a general structural fold in the catalytic core region [1] that was exemplified by the first X-ray crystal structure of a protein kinase, the C (catalytic) subunit of PKA (cAMP-dependent protein kinase; protein kinase A) [2] . PKA is a tightly regulated enzyme, functioning as an on/off switch in intracellular signal transduction. The inactive holoenzyme, consisting of two dimeric R (regulatory) subunits and two C subunits, is activated upon binding of the second messenger cAMP to the two highly conserved cyclicnucleotide-binding domains of the R subunits. Another key player for the regulation of activity and for localizing the C subunit is PKI (heat-stable protein kinase inhibitor) [3] , which also functions as a nuclear scavenger [4] . Moreover, PKI is also involved in neuronal signal transduction with effects on learning and memory by affecting LTP (long-term potentiation) and LTD (long-term depression) in the rat hippocampus [5] .
Several high-resolution crystal structures of the C subunit have been solved [2, [6] [7] [8] , showing a bilobal structure with MgATP bound in the active-site cleft between the two lobes. It is currently well established by crystallographic and thermodynamic evidence that ligand binding (nucleotides, substrates and natural or synthetic inhibitors) as well as the interaction with the two classes of physiological inhibitors, the regulatory subunits (types I and II) and PKI, induce structural changes in the PKA C subunit that shifts the enzyme from an open to a more closed conformation [9] . The activity of the C subunit of PKA is controlled by the modulation between active and inactive states.
Generally, serine/threonine-specific protein kinases require MgATP, whereas MnATP seems to be the preferred substrate of the tyrosine-specific protein kinases [7, 10] . At the same time many protein kinases are also inhibited by an excess of metal ions, so that active and inactive conformations can both exist in solution depending on the stoichiometry of metal binding [11] . The existence of two metal ion-binding sites in PKA and the role that the metal ions play in catalysis and inhibition has been investigated using a variety of methods [11] [12] [13] [14] [15] . However, the importance of the metal-and nucleotide-binding sites for the structure and function of protein kinases is difficult to dissect.
In the absence of cAMP the C subunit is inhibited by forming a tight complex with the R subunits type I or type II. PKI and type I R subunit represent pseudosubstrate inhibitors, both containing an alanine residue instead of a serine residue (as in the RII subunit) in the autoinhibition site [16] . PKA does not only require Mg 2+ and ATP for catalysis but also for inhibition by the two pseudosubstrate inhibitors. Type I R subunit and PKI have an absolute requirement for the presence of metal/ATP to maintain an inactive complex [17, 18] . In contrast, high-affinity binding to the type II R subunit has no requirement for metal/ATP. All of these physiological inhibitors of the C subunit serve as competitive inhibitors with respect to protein substrates. Although MgATP binds with low affinity to the free C subunit with equivalent K m and K D values (10 μM, [13] ), it binds with a high affinity (40-100 nM) to the inhibitor complexes (RI subunit and PKI [17, 19] ).
It was previously demonstrated that the metal-nucleotide complex in the active site cleft (i) increases the intrinsic stability of PKA C subunit, (ii) induces high-affinity binding to type I R subunit and PKI and, (iii) potentially induces the closing of the active site cleft by shifting PKA C subunit from an open to a closed conformation, the latter being thermodynamically more stable [12, 17] . This effect was attributed to the second, low-affinity, metal-binding site chelating ADP and ATP in the active site.
The active site of PKA is deeply embedded within a pocket between the smaller ATP-binding domain and the larger substratebinding domain. The catalytic cycle of the enzyme seems to be controlled by the binding of ATP, one or two metal ions and the release of ADP. The metal ions control the thermodynamic stability, as determined by thermal denaturation and CD [12] , possibly by opening and closing of the active site cleft.
In the present study SPR (surface plasmon resonance) was employed to monitor directly the detailed association and dissociation kinetics of both PKI and a truncated form of R subunit type I (bovine RIα 92-260) with the C subunit in dependence of metal ions and nucleotides. Based on our investigations and the crystal structures of the C subunit in complex with PKI (5-24 peptide) and RIα 91-244 we present a model, where a high-affinity complex consisting of PKI or RIα and the C subunit could only be formed in the closed state, which is dependent on the presence of both metal ions and nucleotide.
MATERIALS AND METHODS

Reagents
The synthetic peptide substrate Kemptide (LRRASLG) was purchased from either Bachem Biochemicals or Biosyntan. Other reagents were purchased as follows: ATP, ADP, AMP, cAMP, adenine and p[NH]ppA (adenosine 5 -[β,γ -imido]triphosphate) from Sigma or from Biolog Life Science Institute. Fine chemicals and all other reagents were obtained in the purest grade available from Roth or from Sigma. CM5 sensor chips (research grade), goat anti-GST (glutathione transferase) antibody, NHS (Nhydroxysuccinimide), EDC [N-ethyl-N -(dimethylaminopropyl)-carbodi-imide], ethanolamine-HCl and surfactant P20 were obtained from Biacore GE Healthcare. The DNA for the recombinant C and R subunits of PKA were a gift from Professor S.S. Taylor (Department of Chemistry and Biochemistry, University of California, San Diego, U.S.A.). The PKI cDNA corresponding to the rabbit skeletal muscle with a glycine residue after the start methionine residue, cloned into pT7-7, was a gift of Dr R. A. Maurer (Vollum Institute, Portland, Oregon, U.S.A.).
Expression and purification of recombinant proteins
Following overexpression in Escherichia coli, the PKA C subunit was purified by phosphocellulose chromatography (P11, Whatman) [20] . The purified C subunit was stored at 4
• C in buffer containing 20 mM potassium phosphate, 110 mM KCl and 5 mM 2-mercaptoethanol (pH 7.0). Bovine RIα 92-260 was overexpressed in E. coli BL21 (DE3) cells (17 h, 37 • C) and was purified as previously described [21] . Purified R subunits were stored at −20
• C in buffer A [20 mM Mops, 150 mM NaCl and 1 mM 2-mercaptoethanol (pH 7.0)] until further use. After subcloning PKIα cDNA into pGEX-KG in order to add a GSTfusion tag, PKIα was overexpressed in E. coli BL21 (DE3) cells and purified as a GST-fusion protein using glutathioneagarose (Sigma). Untagged protein was purified according to the procedure of Thomas et al. [22] .
The purity of the recombinant proteins was confirmed by SDS/ PAGE [23] . The biological activity of all proteins was verified using the spectrophotometric phosphotransferase assay according to Cook et al. [11] with the heptapeptide Kemptide (LRRASLG) as the substrate. Protein concentrations were measured by a colorimetric assay using BSA as a standard [24] .
Calculations of the free and complexed metal ion concentrations
The concentrations of free and complexed metals were determined using the software BAD (Bound And Determined) by Brooks and Storey [25] . This software allows entering of multiple parameters which influence metal-ATP complex formation. Included are all ion species in the buffer and the resulting ionic strength, as well as the pH.
SPR measurements
SPR experiments were performed using Biacore 2000 and Biacore T100 instruments (Biacore GE Healthcare). In SPR, the interaction between an immobilized component referred to as the ligand and a molecule in the mobile phase, the analyte, is determined. Changes in surface concentration are proportional to changes in the refractive index on the surface resulting in changes in the SPR signal, plotted as RU (resonance units); 1000 RU corresponds to a surface concentration of 1 ng/mm 2 [26] . For the interaction analysis of the Cα subunit with GST-PKI, an anti-GST antibody was immobilized to a level of 8000-10 000 RU using standard NHS/EDC chemistry [27] . GST-PKI was then captured to a level of 800-1200 RU for high immobilization levels or less than 100 RU for low-density surfaces. Association and dissociation rates were determined by injecting a series of dilutions of the C subunit using a flow rate of 30 μl/min. All interaction studies were performed in buffer B [20 mM Mops, 150 mM NaCl (pH 7.0) and 0.005 % surfactant P20] at 20
• C. After each interaction event, the entire GST-PKI-C subunit complex was removed and the antibody surface was regenerated using 10 mM glycine (pH 2.2). Less than 3 RU of residual binding was determined after the regeneration. This was a crucial prerequisite to obtain highly reproducible and accurate data by capturing exactly the same amount of GST-PKI in each cycle to probe against various concentrations of the C subunit. No reduction in the capacity of the anti-GST surface was detected during one set of experiments due to the regeneration procedure. Non-specific binding was removed by subtracting blank runs performed on surfaces with immobilized anti-GST antibody. Kinetic constants were calculated by non-linear regression of data using the Biaevaluation software version 3.1 and Biacore T100 Evaluation Software version 1.1 (Biacore GE Healthcare). A 1:1 binding model, assuming Langmuir conditions, was applied to the data as well as an equilibrium binding analysis under steadystate conditions in a plot analogous to a Scatchard-type analysis by plotting R eq /C against R eq to calculate R max and K D values, where R eq is the analyte binding at equilibrium (steady state) in RU, C is the concentration of the analyte injected and R max is the maximum analyte binding capacity in RU. The binding constants were additionally calculated by non-linear regression analysis using the software GraphPad Prism, version 3.02 and 4.03 with the equation:
where B max is the maximal binding, and K d is the concentration of ligand required to reach half-maximal binding.
For the interaction analysis of RIα 92-260 with PKA Cα, the recombinant C subunit was immobilized on a CM5 sensor chip to a level of 500 RU using standard NHS/EDC chemistry (see above).
Association and dissociation rates were determined by injecting a series of dilutions of the regulatory subunit using a flow rate of 25 μl/min. Both the association and dissociation phases were monitored for 240 s. The interaction studies were performed in buffer B (see above) at 20
• C. The respective concentrations of MgCl 2 and ATP are indicated on the Figures and are mentioned in the Results section. Regeneration of the Cα subunit surface was performed by a washing step with 0.1 mM cAMP and 1 mM EDTA. Non-specific binding was removed by subtracting blank runs performed on a reference surface, which was activated and deactivated without coupling a protein. Data processing and evaluation was performed using Biaevaluation Software version 4.0.1 (Biacore GE Healthcare).
RESULTS
Nucleotides and metal ions play a pivotal role for cellular function and homoeostasis and furthermore seem to control stability and distinct conformations in a number of cellular proteins. Previous studies have established that the C subunit of PKA is more resistant against thermal denaturation in the presence of bivalent metal ions and nucleotides as determined by activity assays and CD [12] . Furthermore, it has been shown that the C subunit is stabilized when it is part of the type I holoenzyme complex or the PKI-C subunit complex [12] . In the present study we investigated the role of nucleotides and metal ions on the interaction with two important physiological inhibitors of PKA, PKI and the type I R subunit, using SPR. PKI, as well as the type I R subunit, are pseudosubstrate inhibitors of the C subunit and require ATP and Mg 2+ for high-affinity binding.
Role of nucleotides for high-affinity binding of pseudosubstrate inhibitors
In a first approach, several nucleotides were tested in the presence and absence of a fixed concentration of MgCl 2 (10 mM). Figure 1 (A) shows qualitative plots of the association and dissociation patterns of the C subunit on GST-PKI using a fixed concentration of 16 nM of Cα subunit. In the presence of ATP and Mg 2+ , a fast association and a slow dissociation were monitored. However, when changing to ADP, both association and dissociation were affected, displaying slower association and faster dissociation kinetics. Since it is not clear whether ATP hydrolysis takes place once PKI has bound, a non-hydrolysable ATP analogue, p[NH]ppA, was tested. Surprisingly, the kinetics were strongly influenced with lower affinities indicating an improper steric setting probably owing to the exchange of an oxygen to a nitrogen between the β-and the γ -phosphate of ATP. In the absence of Mg 2+ ions all tested nucleotides (ATP, ADP, AMP and p[NH]ppA) displayed very fast on-and offrates causing transient interaction kinetics. With AMP, transient kinetics could be observed independent of the presence of metal ions, demonstrating the essential role of the β-and γ -phosphate of the nucleotide for complex formation.
Next, the interaction of the R subunit type I (bovine RIα 92-260, [21] ) with the C subunit was investigated under the same conditions ( Figure 1B was in contrast with the C subunit-PKI complexes, where at least a transient binding could be observed. This indicates that, in the case of the type I R subunit, the holoenzyme formation is strictly dependent on the presence of metal and nucleotide.
Apparent rate constants of PKI binding to PKA C subunit in the presence of MgATP
In order to obtain association and dissociation rate constants, various concentrations of C subunit were injected over the GST-PKI surface, ranging from 1 nM to 32 nM and 8 nM to 1 μM in the presence and in the absence of ATP and Mg 2+ respectively (Figure 2) . From those sets of binding curves, apparent rate constants were calculated using global fit analysis as well as separate fits. In the presence of 1 mM ATP and 5 mM MgCl 2 a fast association rate (1.5 × 10 6 M −1 · s −1 ) and a relatively slow dissociation rate (7.7 × 10 −4 s −1 ) was calculated (Table 1 and Figure 2A ). From the respective association and dissociation rate constants a K D value of 0.5 nM was calculated, which was in excellent agreement with previous observations [18] . Global fit analysis based on a Langmuir 1:1 model yielded the fits with the lowest χ 2 values, almost perfectly fitting the model when using a Original results are shown as a solid line. Association and dissociation rate constants were determined using a global fit analysis according to a Langmuir 1:1 model, employing the software Biaevaluation 3.1 (see also Table 1 ). Resulting fits are shown as broken lines. (B) In the absence of MgATP the C subunit was injected in concentrations ranging from 31.25 nM to 1 μM (as shown). The experimental set-up was performed as described for (A). Association and dissociation rate constants were determined using a global fit analysis employing the Biacore T100 Evaluation Software version 1.1, K D values were determined either from the rate constants or from equilibrium binding analysis by non-linear regression (hyperbolic fit) and Scatchard plot analysis. Results are shown in Table 1 .
low-density surface. This indicates a 1:1 binding mechanism for PKI and the C subunit. Omitting MgATP from the buffer yielded an approx. 3-fold slower association rate constant and a dissociation rate constant more than two orders of magnitude faster ( Figure 2B and Table 1 ). Again, global fit analysis suggested a Langmuir 1:1 model, and the calculated K D of approx. 400 nM was almost three orders of magnitude higher than the value in the presence of MgATP. Replacing Mg 2+ with 50 μM EDTA leaving ATP in the buffer or measurements performed just in the presence of 50 μM EDTA yielded comparable kinetics (Table 1) .
These findings clearly indicate a crucial role for metal binding in forming a stable inhibitor complex with the pseudosubstrate inhibitor PKI, where the dissociation of the complex rather than the association is influenced by metal binding.
Since the dissociation rate constant was very fast in the absence of MgATP, equilibrium was reached quite rapidly. Therefore only a few data points could be used for the calculation of the (Table 1) . In order to confirm that the interaction was not influenced by steric hindrance due to the immobilization of GST-PKI on the sensor chip surface or by the GST-fusion tag itself a vice versa experiment was performed. Therefore recombinant Cα subunit was coupled on to a biosensor surface via primary amines as described in the Materials and methods section, and GST-PKI, as well as untagged PKI, were injected over the immobilized C subunit and the interaction kinetics were monitored. Again, the major effect of 5 mM MgCl 2 and 1 mM ATP was to slow down the dissociation rate constant from 200 × 10 −3 s −1 to 0.77 × 10 −3 s −1 . The association rate constant was accelerated from 0.56 × 10 6 M −1 · s −1 to 1.5 × 10 6 M −1 · s −1 (see also Table 1 ). No influence of the 26 kDa GST-fusion part on the kinetics was detected when using PKI as a ligand (results not shown). Although no difference in the association and in the initial dissociation phase could be seen, a second dissociation phase was detected when using GST-PKI in the flow phase. This could be due to the fact that GST can form a dimer, whereas PKI alone is running as a monomer based on gel-filtration experiments (F. W. Herberg, unpublished work). However, this effect was not detected on lowdensity surfaces of immobilized Cα subunit, indicating that at higher surface densities dimeric fusion proteins might cause more complex binding kinetics due to avidity effects.
Metal dependency of pseudosubstrate inhibitor binding
It has been shown previously that metal ions stabilize the C subunit against heat denaturation only at higher concentrations, probably owing to the occupancy of the second, low-affinity, metal-binding site [12] . Therefore the concentration dependency of MgCl 2 in complex with 1 mM ATP on the Cα subunit-PKI interaction was investigated. Cα subunit, at a fixed concentration of 32 nM, was pre-incubated with various concentrations of MgCl 2 in the presence of 1 mM ATP and was then injected over a GST-PKI surface as described above. Figure 3(A) shows the association and dissociation kinetics for MgCl 2 concentrations varying from 10 μM to 10 mM (total concentration). Although variation of the Mg 2+ ion concentration had almost no effect on the association rate constant, the dissociation rate constant was strongly affected. With increasing Mg 2+ the fast dissociation phase transiently modulates into a slow dissociation phase. To investigate this phenomenon in more detail, the dissociation pattern of the C subunit from GST-PKI at numerous Mg 2+ concentrations was measured (results not shown) and the dissociation rate constants for each Mg 2+ concentration were determined directly from the kinetic data. When plotting the apparent k diss determined at different Mg 2+ concentrations against the total Mg 2+ concentration ( Figure 3B ), a transition from fast dissociation kinetics (k diss ranging from 8 × 10 −2 to 2 × 10 −2 s −1 ) to slower dissociation kinetics (k diss ranging from 1.5 × 10 −3 to 5 × 10 −4 s −1 ) could be observed. Fast dissociation kinetics could be attributed to a total Mg 2+ concentration in the lower micromolar range (EC 50 = 26 μM), whereas slow dissociation kinetics could be correlated with a total Mg 2+ concentration in the higher micromolar range (EC 50 = 322 μM). Calculating the concentration of the free metal ions (Mg 2+ free ) and the MgATP complex yielded an apparent EC 50 of 2 μM and 5.3 μM for the fast dissociation kinetics and 36 μM and 150 μM for the slow dissociation kinetics respectively. This influence of the Mg 2+ ion concentration on the dissociation rate constant of PKI could potentially be correlated with the occupation of the second metal-binding site in the C subunit.
To investigate whether ATP alone, Mg 2+ ions alone or the metal-nucleotide complex were responsible for the effect on the dissociation phase of the Cα subunit from GST-PKI, different dissociation conditions were tested. The association in the absence of Mg 2+ ions but in the presence of 1 mM ATP was followed by dissociation in the presence of EDTA, ATP alone, Mg 2+ alone or Mg 2+ -ATP. The same experiment was performed but this time with an association phase in the presence of 1 mM ATP and 10 mM Mg 2+ ions, depicted in Figure 4 . As shown on both plots, only the Mg 2+ -ATP complex, but not ATP alone, is responsible for the slow dissociation rate. No difference could be detected between ATP alone and EDTA; therefore the nucleotide alone seemed to have a negligible effect on the dissociation rate. However, adding Mg 2+ ions during the dissociation phase dramatically decreased the dissociation rate, suggesting that Mg 2+ is stabilizing the C subunit-PKI complex.
In the case of the type I R subunit binding to PKA Cα subunit, the effect of various concentrations of Mg 2+ on the association and dissociation rate constants was tested by injecting a concentration series ranging from 6.25 nM to 50 nM of RIα 92-260 over immobilized C subunit in the presence of 1 mM ATP and various concentrations of Mg 2+ (ranging from 10 μM to 10 mM). In the absence of Mg 2+ , no binding of RIα 92-260 to Cα subunit could be observed (see Figure 1) . Apparent rate constants as well as equilibrium binding constants were calculated using a Langmuir 1:1 binding model. The resulting values are shown in Table 2 . Figure 5 shows the interaction of 25 nM RIα 92-260 with Cα subunit under the influence of various concentrations of Mg 2+ in the presence of 1 mM ATP. Interestingly, as seen from the plot and Table 2 , compared with the C subunit-PKI interaction, the dissociation rate constant is less affected by variation of metal ion concentration. In contrast, the association rate constant is increased by two orders of magnitude with increasing metal ion concentration. This results in a shift in apparent K D of two orders of magnitude from 130 nM at 10 μM Mg 2+ to 1.9 nM at 10 mM Mg 2+ . Thus occupation of the second metal binding site in PKA Cα subunit has only minor effects on the dissociation of the holoenzyme complex, but strongly influences the association of the type I holoenzyme complex.
DISCUSSION
SPR measurements
The kinetic properties and dynamics of the PKA C subunit have been studied intensively using various activity-based or direct binding assays [11, [13] [14] [15] 17] . However, activity assays, either radioactive, spectrophotometric or fluorescence-based, always require Mg 2+ and ATP as a co-substrate. Therefore the direct interaction of the C subunit with its physiological inhibitors cannot be determined in the absence of MgATP following the loss of catalytic activity. Complex formation can be studied independently of activity, for example by analytical gel filtration. However, the method is somewhat inaccurate, since in small zone experiments dilution effects influence the apparent equilibrium binding constants [17] . Biosensors based on SPR allow a direct observation of detailed association and dissociation kinetics in real time, yielding not only equilibrium binding constants but also apparent association and dissociation rate constants. SPR has been previously used as a method of choice to investigate PKA interactions with its inhibitors [16, 27, 29] . We used a Biacore system to study in depth the binding kinetics of the PKA C subunit to its physiological pseudosubstrate inhibitors, namely PKI and the type I R subunit. The influence of both metal ions and a variety of nucleotides on rate and equilibrium binding constants was investigated, which in turn allowed us to study the effect of metal binding and nucleotide interaction separately for C subunitinhibitor complex formation and dissociation (Tables 1 and 2). PKI is a monomer (molecular mass of 7.8 kDa), binding with sub-nanomolar affinity to the PKA C subunit [18] . The interaction with the C subunit [27] can easily be analysed using SPR with PKI immobilized to the sensor chip, whereas the analysis of the R subunit dimer is quite difficult, since multiple binding events overlay during analysis. Thus we used a truncated construct of bovine regulatory subunit type I (RIα 92-260) which consists of the autoinhibitor site (pseudosubstrate sequence) and one cAMP-binding domain (A site) only [21] . The construct cannot form a dimer, because the dimerization and docking domain (first 91 amino acids) is deleted, but it is still capable of forming a stable holoenzyme complex with the C subunit. The crystal structure of a similar deletion construct (RIα 91-244) in complex with the C subunit also demonstrates a stable complex formation [30] . The binding kinetics of the truncated construct are much less complex than those of the fulllength wild-type protein with its two binding sites for the C subunit. All measurements performed in the present study displayed an extremely high accuracy with the S.E.M. within the same experiment being less than 1 %. The interaction with both inhibitors could be fitted perfectly to a Langmuir 1:1 model, suggesting a true 1:1 interaction with a single binding site. In contrast, the full-length R subunit protein shows various effects such as biphasic binding, not reaching equilibrium, which do not fit well to any binding model (C. Hahnefeld and F. W. Herberg, unpublished work).
Metal and nucleotide binding in PKA
High-resolution crystal structures of the catalytic subunit of PKA can provide a model for understanding the metal-binding sites of Apparent association and dissociation rate constants and calculated K D values of the interaction of bovine regulatory subunit RIα 92-260 with the immobilized C subunit of PKA (No bdg., could not be determined because of no significant binding). The interaction was measured in the presence of 1 mM ATP and MgCl 2 concentrations as indicated in the Table. [ Table 2 .
protein kinases. Originally, crystals of the mouse recombinant enzyme containing ATP and the inhibitor peptide PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) , forming the ternary complex, were grown under conditions where nucleotide was in excess of Mg 2+ so that only a single metalbinding site was occupied. By soaking the crystals in Mn 2+ , two metal-binding sites could be unambiguously identified [8] . A similar approach was used to define the metal-binding sites in crystals of the porcine C subunit crystallized in the presence of inhibitor peptide and p[NH]ppA [7] .
The metal requirements for the PKA C subunit were first described in detail by Armstrong et al. [31] , who showed that from two Mg 2+ -binding sites, one is required for catalysis and one is associated with inhibition. Based on crystal structures of the C subunit [7, 8] and NMR studies [14] with inert complexes of ATP it was concluded that the activating metal bridges the β-and γ -phosphates and involves an enzyme-ATP-metal bridge [14] . On the other hand, the second, inhibitory, metal site was predicted to be an enzyme-metal-ATP bridge between the α-and γ -phosphate [15] . Furthermore, it could be shown that the occupation of the second metal-binding site is crucial for stabilizing the C subunit against thermal denaturation [12] .
From the results of the present study, we conclude that a stable complex formation of the PKA C subunit with the pseudosubstrate inhibitors PKI and type I R subunit can only occur in the presence of both ATP and Mg 2+ . Thus for high-affinity binding of this type of inhibitors the second, low-affinity, metal-binding site in the C subunit has to be occupied. For the interaction with PKI it could be demonstrated that, particularly the dissociation rate, was strongly influenced by the presence of Mg 2+ ions, which allowed dissection of the two metal-binding sites, when plotting the dissociation rate constants against the metal concentration ( Figure 3) . Interestingly, in contrast with the C-PKI complex the concentration of Mg 2+ has almost no effect on the dissociation of the type I holoenzyme complex. However, it has a strong effect on the association of RIα 92-260 to the PKA Cα subunit ( Table 2) . From previous studies, it is known that the Mg 2+ -ATP complex itself has a faster off-rate from the C-PKI complex than from type I holoenzyme, i.e. 17 min and 11.7 h respectively [17] . This is reflected in the fact that full-length RIα forms a more stable holoenzyme complex (K D 0.2 nM) than the C-PKI complex [17, 32] . The truncated construct of the R subunit used in the present study with an apparent K D of 1.9 nM (Table 2) lacks additional interaction sites with the C subunit present in the full-length RI subunit and therefore displays significantly reduced affinity. For the full-length R subunit the dissociation rate constant from the C subunit in the presence of high concentrations of Mg 2+ and ATP is three times slower compared with the dissociation of PKI [27] . This may underline the physiological role of PKI, acting as a nuclear scavenger for the C subunit [4] . Free PKA C subunit can enter the nucleus to phosphorylate its substrate proteins. The activity of PKA C subunit in the nucleus cannot be modulated through the R subunits because either these inhibitors are kept in the cytoplasm or are anchored via AKAPs (a kinase anchoring proteins) [33] . However, PKI is able to enter the nucleus and inactivates the catalytic subunit upon binding. After complex formation the nuclear export signal of PKI ensures the transport of the C-PKI complex to the cytoplasm [4] . In the cytoplasm, the R subunits may effectively compete for the catalytic subunit when it is bound to PKI, as suggested by in vitro competition experiments [17] . At a given cellular Mg 2+ concentration the association rate of the type I R subunit is very fast, which in turn promotes the holoenzyme formation, thereby recapturing the C subunit released from PKI. The present study and previous work [4, 16, 17] established that the spatial and temporal regulation of PKA catalytic activity is governed by a variety of binding events in dynamic equlibria. Minute differences in apparent rate constants of the interaction with regulatory proteins and cofactors define the composition of functional complexes in subcellular compartments. Although the total cellular Mg 2+ is well in the millimolar range (14-20 mM, [34] ), the free intracellular Mg 2+ , determined in a variety of tissues or cells, is between 0.4 and 3 mM according to several reports reviewed in [35, 36] . However, concentrations as low as 0.2 mM free Mg 2+ have to be considered pathological [37] . Total ATP concentrations are generally > 3 mM and free ATP concentrations have been reported at approx. 1 mM, whereas kinases usually have a K m for ATP which is below 0.5 mM [36] . The values for free Mg 2+ and free ATP are well above the critical concentration for the PKA C subunit forming a high-affinity complex with a pseudosubstrate inhibitor. The intracellular levels of metal ions favour the occupation of the second metal-binding site in the PKA C subunit, and besides lead to fast holoenzyme formation, presumably locking the enzyme in a closed conformation.
Open and closed conformation
Recently solved crystal structures of a complex of the PKA C subunit with type I R subunits (RIα 91-244 and RIα 91-379:R333K) suggest that the C subunit is adopting a closed conformation in the type I holoenzyme complex [30, 38] . Both crystal structures clearly show the occupation of the nucleotidebinding site of the C subunit by p[NH]ppA and two metal ions (Mn 2+ ). Compared with the crystal structure of the ternary complex of the C subunit with PKI, also containing p[NH]ppA and two metal ions (Mn 2+ ) [7] , one partly overlapping the contact surface on the large lobe of the C subunit can be identified for binding the RI subunit and PKI to the active site cleft. However, additional, but distinct, extended binding surfaces exist for each inhibitor. This is depicted in Figure 6 (A), a structural alignment of the two crystal structures of the C subunit with its pseudosubstrate inhibitors. In both complexes the C subunit adopts an identical, fully closed conformation with both metal ionbinding sites occupied. The autoinhibitor sites of the R subunit and PKI perfectly align in both crystal structures. The opening and closing of the active site cleft in the C subunit, depending on complex formation with inhibitor and/or cofactor, can be observed in several crystal structures (reviewed in [9] ). This is reflected by the positioning and distance of the glycine-rich loop relative to the catalytic loop [16] and can be followed from a fully closed conformation over intermediate states to an open conformation in the apoenzyme [9] . In Figure 6 [39] , thus supporting our model in the present study.
Based on the results of the present study we propose a model where complex formation of the C subunit with either the RI subunit or PKI is dependent on the presence of high metal concentrations and therefore the occupation of both metal-ionbinding sites. Only with both metal ion-binding sites occupied, the C subunit can adopt a fully closed conformation, allowing high-affinity complex formation with pseudosubstrate inhibitors. The results of the present study and early work by Armstrong et al. [14] suggest that the first metal ion is associated with catalysis, with the opening of the active-site cleft and probably with complex formation of the C subunit with R subunit type II. Occupation of the second metal-binding site induces the closed conformation which provides the scaffold for binding the RI subunit and PKI ( Figure 6A ). Binding of those physiological pseudosubstrate inhibitors locks the metal-nucleotide complex in the active site cleft. Taken together the second metal-binding site represents a gatekeeper which, when occupied, promotes the C subunit in a closed, inactive conformation and thereby allows stable high-affinity binding to its physiological pseudosubstrate inhibitors type I R subunit and PKI. The model in the present study describes an extremely efficient mechanism to tightly regulate catalytic activity of this ubiquitously expressed protein kinase.
